Abstract. We conducted a model study of ground magnetic signatures of traveling convection vortices (TCVs) that included both the ionospheric conductivity enhancement associated with the TCVs and the ground induction effect. We found that the localized conductivity enhancement can cause a significant distortion of the TCV current system and lead to a distortion of the ground magnetic disturbance patterns. The patterns of all three magnetic components are asymmetric, mainly in the E-W direction, and the patterns of the Z component show the strongest asymmetry (20-30%). We also found that the effect of induction currents on ground magnetic signatures of the TCVs is insignificant (less than 5%). The results show that because of the presence of localized conductivity enhancements the polarity and speed of the TCVs can significantly influence the distortion features of ground magnetic patterns. The upward and downward current filaments of a TCV with a clockwise leading convection cell can wrap with each other, resulting in a rotation of the whole ground magnetic disturbance pattern. This rotation feature is most significant when the speed of the TCVs is high.
Introduction Traveling convection vortices (TCVs
. However, all these modeling studies mainly concerned the localized current systems associated with FTEs, and none of them included the effects of the conductivity enhancement and ground induction.
When the magnetosphere-originated convection vortices reach the ionosphere, a significant conductivity enhancement caused by the precipitation associated with the upward fieldaligned currents of the TCVs can change the current closure in the ionosphere and distort the TCVs' ionospheric current system. Hence a distorted magnetic disturbance pattern would be expected on the ground. The distortion should be most severe for the case in which the upward current cell is the leading cell, because the high speed of the TCVs allows a significant portion of the downward current cell to intrude into the enhanced conductivity region left by the upward current cell before the conductivity enhancement subsides due to ionospheric recombination. Then the downward field-aligned current can also be distorted by the conductivity gradient, and the enhanced conductivity distribution, in turn, can be disturbed by the downward current cell through plasma transport. Both effects lead to a further distortion of the whole TCV ionospheric current system and the ground magnetic disturbance pattern. At the same time a distorted ground induction current system, due to a distorted ionospheric current system, may make a further contribution to the distortion of the ground magnetic pattern associated with the TCV.
On the basis of the above considerations we conducted a series of numerical studies of the ground magnetic signatures of the TCVs, in which the ionospheric conductivity enhancement associated with the TCVs and ground induction effect were included. Our goal was to determine how the localized conductivity gradient and ground induction contribute to the distortion of the ground magnetic disturbance pattern of a 7CW and how the various ionospheric characteristics of the TCV (such as speed and polarity) affect the features of the ground magnetic pattern.
Formulation
The ionosphere is assumed to be a slab with heightintegrated conductivities, and the Earth magnetic field lines are assumed to be perpendicular to the ionosphere. In the modeling we focus on the TCVs occurring in the prenoon sector.
Therefore the numerical domain is located in the morning sector of the high-latitude ionosphere. The numerical domain is 3600 km long in the E-W (X) direction and 1100 km wide in the N-S (Y) direction. Actually, with some sign changes the model can also be used to study the magnetic signatures of the TCVs occurring in the postnoon sector. A Cartesian coordinate system is adopted in the model in which the X axis points to the west, the Y axis points to the south, and the Z axis is upward. In the model the magnetosphere-originated convection vortices are externally imposed, which implies an assumption of constant voltage source for the TCVs. Since the TCVs are due to the direct interactions between the solar wind and magnetosphere near the magnetopause, the solar wind inertia is sufficiently large that the loading effect of the ionosphere on the TCVs' source regions should be insignificant on the zeroth order. The rational of the assumption could be severely violated in the inner magnetosphere where the plasma inertia is small (e.g., the plasma sheet). In such a situation the loading of the ionosphere can make a noticeable modification to the magnetospheric convection. To precisely simulate the electrodynamics of the TCVs, one has to treat them in a timedependent magnetosphere-ionosphere coupling system that further includes the self-consistent ionospheric current closure in the magnetospheric source regions and a dynamic magnetosphere, which is far beyond the goals of this paper. 
The precipitation associated with the upward field-aligned currents of TCVs can cause a significant enhancement of the ionospheric conductance in a localized region [Sibeck, 1995] , and then the conductances in equation (1) To estimate the effect of the induction current on the ground magnetic signature of a TCV, we have to make some assumptions. When a uniform Earth conductivity is assumed, the Earth can be simplified as an infinitely conducting sphere covered by a perfect insulator layer that is at least 250 km thick [Chapman, 1919; Kisabeth and Rostoker, 1977; Campbell, 1987] . In our model the magnetic effect of the Earth induction current is calculated from image currents of the TCVs' ionospheric current system, which flows in the Earth conducting sphere. In reality, the structure of the Earth is quite inhomogeneous. But the estimation of the effect of the Earth's inhomogeneity on the induction currents of the TCV is difficult and is beyond the scope of this study.
Results
In our modeling, typical localized magnetospheric convection cells are imposed on the morning sector of the high-latitude ionosphere, and the convection cells then move toward the nightside with a constant speed. The average energy of the precipitating electrons associated with upward fieldaligned current is assumed to be about 1 keV. The distance between the ionospheric slab and ground is assumed to be 140 km, and the Earth's curvature is ignored.
Effects of Conductivity Enhancement
To study how the ionospheric conductivity enhancement caused by TCV precipitation affects the ground magnetic disturbance patterns of the TCVs, we need a standard case for which the conductivity enhancement and induction currents are not included. Such a case is shown in Figure 1 As we mentioned before, the average energy of the precipitating electrons associated with the upward field-aligned current was assumed to be 1 keV. When the average energy of the precipitating electrons is increased, the localized conductivity enhancement can be greater, and then a stronger asymmetry can be expected in the ground magnetic patterns. We ran several extreme cases with an average energy of about 3 keV (not shown), and the results displayed 45-50% E-W asymmetry in the Z component patterns. This finding leads to an important theoretical prediction that a severely distorted magnetic pattern observed on the ground may indicate a TCV with hard precipitation. 
Effects of Induction Currents
As we mentioned before, the insulator layer of the Earth is 250 km thick, and the ionospheric slab is 140 km above the Earth's surface in our modeling. Thus the image currents of the ionospheric horizontal currents are 640 km below the Earth's surface, and the image currents of the field-aligned currents in the ionosphere extend from that depth toward the center of the Earth. 
The Case Including Conductivity Enhancement, Induction Current, and Background Conductivity Gradient
To obtain a more realistic ground magnetic disturbance pattern of a TCV, we considered a case in which the localized conductivity enhancement, the induction currents, and the background conductivity gradient due to solar radiation were included. The background conductivity decreased linearly from 3 mhos on the dayside to 1 mho on the nightside, a pattern that approximates the ionospheric conductance distribution in the high-latitude prenoon sector for winter and solar maximum conditions. The polarity (downward field-aligned current leads) and the speed of the TCV (4 km/s westward) are the same as those for the standard case shown in Figure 1 
Effects of TCVs' Polarity
The variation of the TCV characteristics (e.g., polarity and speed) can certainly lead to various patterns of ground magnetic disturbances. But the inclusion of the conductivity enhancement and induction currents makes the situation more complicated. Taking the polarity of the TCV as an example, if there is no locally enhanced conductivity, a change of the polarity of the TCV only leads to a set of mirrored ground magnetic disturbance patterns. But with the inclusion of the conductivity enhancement the patterns are not mirrored anymore. When the upward current cell is the leading cell, the high speed of the TCV allows a significant portion of the downward current cell to intrude into the enhanced conductivity region left by the upward current cell before the conductivity enhancement subsides due to ionospheric recombination. Then the downward field-aligned current can also be distorted by the conductivity gradient. This situation is different from the case in which the downward current cell is the leading cell, for which only the upward current cell is distorted. Figure 5 quantitatively shows how the polarity of the TCV influences the ground magnetic patterns. The only difference between the case shown in Figure 5 and the case in the proceeding subsection (Figure 4) is the polarity of the TCV. In this case the upward current cell leads instead of the downward current cell in the previous case. As expected, the current system of the counterclockwise convection cell (downward current cell) is now also distorted, since it moves into the enhanced conductivity region. Actually, the two field-aligned current filaments start to wrap around each other. The wrapping leads to a new feature in ground magnetic disturbance patterns, i.e,, the rotation of the patterns. This is most evident in the Z component pattern. The rotation of the ground magnetic disturbance patterns for the case in which the counterclockwise convection cell is the leading cell may make a further contribution to the asymmetries of the magnetic disturbances observed by ground-based magnetometers.
Effects of TCVs' Speed
Another ionospheric characteristic of a TCV that can influence the features of their ground magnetic signatures is its speed. Again, this effect become significant only when the Figure 7 shows the case of a triple TCV with a clockwise leading convection cell (upward current). The TCV moves toward the nightside with a constant speed of 4 km/s. We can see that in this case all three field-aligned current filaments are distorted. The difference between the ground magnetic disturbance patterns of triple and twin TCV is mainly the number of magnetic disturbance cells, with the triple TCV having an additional cell for all components. An inspection of Figure 7 indicates that there is a rotation of the magnetic disturbance patterns associated with the first two TCV cells on the west side. Obviously, this is due to the wrapping of these two field-aligned current filaments.
We also ran the case of a triple TCV with a counterclockwise (downward current) leading convection cell. As we expected, now the first two current cells on the east side tend to wrap The goal of this study was not to decisively connect the observed asymmetry of ground magnetic disturbances to the conductivity enhancement and induction current effects. 
